The main objective was to use a dual-energy X-ray absorptiometer (DXA) to examine the total-body and regional fat and lean composition of soft tissue in subjects with and without eating disorders initially and after weight change. It was necessary also to study the effects of differences of calibration of different models of DXA scanner. DESIGN: A total of 175 women with eating disorders, including anorexia nervosa (AN) and bulimia nervosa, and 43 agematched controls were measured for soft-tissue composition with a pencil-beam Hologic QDR 1000W scanner and results converted to be equivalent to those from a fan-beam Hologic QDR 4500A, using previously determined crosscalibration factors. Some measurements were repeated at 6 and 12 months. RESULTS: The baseline body composition of the patients covered a continuous range of fat proportions. Implausibly low fat proportions in some of the AN subjects were corrected by conversion to 4500 equivalents. The relationship between total lean mass and fat mass could be fitted equally well by a linear or linear/log regression. The relationship between leg and trunk fat was best fitted by a polynomial regression. There were weight changes in either direction in some of the subjects. The fat proportion in the total changed mass was a mean of 55%, higher in the legs and lower in the trunk, but not different between weight gainers and losers or clinical groups. The proportion was dependent on the initial fat proportion. CONCLUSIONS: Relatively small differences in fat/lean calibration of DXA scanners may lead to anomalous results in very anorexic subjects and corrections are necessary in comparing results from different instruments. Concerns expressed about preferential trunk fat accumulation during weight recovery are not well founded. Previous claims of a relationship between fat proportion in regained weight and the amount of the weight gain are not justified.
Introduction
There is an interest in studying the distribution of body fat in subjects with eating disorders, particularly during weight change. Dual-energy X-ray absorptiometry (DXA) offers a convenient, precise technique for such studies and has been applied in intensive refeeding programs in patients with anorexia nervosa (AN) using a Norland scanner, 1 a Lunar DPA scanner 2 and a Lunar DPX scanner. 3 Such measurements have been extended to subjects experiencing spontaneous weight gain, using a fan-beam Hologic QDR 4500 scanner. 4 Grinspoon et al 4 had included regional soft-tissue measurements and were concerned that the proportion of fat in the trunk increased with increasing weight.
We also studied body composition in eating disorder subjects using a Hologic scanner, albeit a different model, a pencil-beam QDR 1000W. Some of our results differed from those of Grinspoon et al. 4 Scalfi et al 3 claimed that the proportion of fat in regained weight was related to the body mass increase, but our results did not agree. We therefore sought to explain these differences.
Another aspect of interest in soft-tissue measurements is the relationship between lean and fat masses. Using measurements of total-body potassium, Forbes has suggested that this relationship is curvilinear, with lean mass being proportional to the log of fat mass, 5 and this finding merits confirmation.
The precision of DXA measurements is undoubted, but accuracy of soft tissue measurements is more suspect. This uncertainty stems from the innate limitations of the method, which are often not appreciated. 6 In processing the data, the manufacturers make assumptions about fat distribution (which they do not reveal) that cannot be universally valid. As a result, there are systematic differences in the total-body measurements from DXA instruments from different manufacturers [7] [8] [9] and software versions. 7, 10, 11 The recent introduction of DXA scanners using a fan-beam geometry to provide faster scanning and improved geometrical resolution increases the possibility of differences of results. It is important to assess whether calibration differences affect the conclusions drawn from measurements on different scanners and whether crosscalibration can improve the agreement between them. In order to facilitate longitudinal studies overlapping a change of instrument, we previously compared results from a Hologic fan-beam QDR 4500A (abbreviated 4500) with those from a pencil-beam Hologic QDR 1000W (abbreviated 1000), both in vivo and in vitro. 6 Crosscalibration experiments showed that total-body % fat measurements were lower with the 1000 than the 4500 at low fat levels and higher at high fat proportions. There were greater disparities for some regional measurements. Model, or phantom, measurements confirmed that the 4500 was more accurate at low fat levels. This conclusion has also been supported by comparisons between Hologic 1000 and 4500 scanners and a reference technique. [12] [13] [14] The crosscalibration results made it possible to convert measurements from a 1000 to those obtained with a 4500, which is the current and most commonly used Hologic scanner. Our previously determined in vivo crosscalibration between a Hologic QDR 1000W and a Norland XR26 HS scanner 8 was also used to interpret the results of Orphanidou et al.
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Our aims were therefore: (1) to assess the effects of different DXA soft-tissue calibrations, (2) to compare our adjusted data with results from other studies, (3) to extend observations to a wider range of subjects with eating disorders, including AN and bulimia nervosa (BN), (4) to examine fat/lean and leg/trunk relationships at baseline and (5) to explore the changes in soft-tissue composition during weight increase or decrease.
Methods

Subjects
A total of 176 women with a current or past eating disorder were recruited from the local specialist eating disorder service, psychiatric hospitals, self-help groups and the Eating Disorders Association. In addition, 43 control subjects with no eating disorder history were recruited. The choice was limited to those within the same age range as the first group, namely 20-50 y. Obese subjects were avoided by limiting the body mass index (BMI) to below 30 kg m
À2
. As one of the aims of the study was the measurement of bone mineral density, subjects with a history of any illness or treatment likely to affect bone were excluded.
Diagnosis of eating disorder was made according to DSM-IV criteria, using the Structured Clinical Interview for Diagnosis. The diagnosis that best described a subject for the majority of the year preceding assessment was used. Recovery was defined by the absence of DSM-IV criteria for 12 continuous months. At the beginning of the study there were 47 women with AN, 48 with BN, 25 with subthreshold disease (ST), 36 recovered from anorexia nervosa (Rec AN), nine recovered from bulimia nervosa (Rec BN), 10 recovered from subthreshold disease (Rec ST) and 43 controls.
The investigations had the approval of the local Ethics Committee and the subjects gave written informed consent.
Measurements
The 1000 was used in the eating disorder study, using software V5.55. in the Advanced mode. Lumbar spine bone mineral density (BMD), whole-body BMD, fat mass and lean mass and body weight were measured at 0, 6 and 12 months. The precision of a measurement of the total-body fat mass with this instrument had previously been determined as a standard deviation (s.d.) of 0.21 kg, coefficient of variation (CV) of 2.0%. 8 The bone results will be presented elsewhere, although they demonstrated some anomalies that have already been reported. 15, 16 There was no monitoring of the diet or amount of exercise taken during the trial period.
Statistics
Comparisons were made using t-tests with Bonferroni adjustment for multiple comparisons, and linear, logarithmic and polynomial regressions. Differences of regression slopes between groups were tested by t-tests for parallelism.
Comparisons of regression slopes within the same group were done by testing whether the difference in response variables was significantly associated with either of the exploratory variables after adjustment for the difference in exploratory variables. t-tests were used to assess the differences of intercepts. Significance was defined as Po0.05.
Results
Baseline measurements in eating disorders
The crosscalibration equations 6 for fat and lean masses were used to convert the 1000 readings to 4500 equivalent for comparison with other published results and to reduce apparent anomalies at low fat proportions. For example, the equation for total-body fat, in kg, was 4500 ¼ 2.7 þ 0.844 Â 1000, R ¼ 0.999, s.e. ¼ 0.47. The fat and lean masses of the controls were altered by less than 3% by the conversions. There were bigger changes to the low fat masses in the anorexic subjects, particularly in the trunk, where a mean of 1.3 kg measured by the 1000 was converted to 2.5 kg.
The baseline characteristics of the subjects are presented in Tables 1 and 2 . There were no significant differences between the mean ages and heights of any groups. The mean totalbody mass, BMI and total fat were significantly lower in most DXA measurements of fat and lean masses P Tothill and W James Hannan of the eating disorder subgroups than in the controls. They were lower in the anorexic subjects than in the other groups. The total lean mass was lower in the anorexics than in the controls. The relationship between lean mass and degree of adiposity was investigated further by plotting total lean mass against total fat mass for all the subjects combined. A highly significant linear regression was obtained (Figure 1 ).
Using masses (in kg) converted to 4500 equivalent:
Total lean mass ¼ 0:61Âtotal fat mass þ 31; R ¼ 0:60; s:e: ¼ 4:6; Po0:0001 ð1Þ
The mean masses for each of the subgroups are indicated on the graph. They are close to the regression line. A logarithmic regression, included in Figure 1 , was equally valid, with no significant differences between the correlation coefficients or standard errors (s.e.) of the linear and linear/ log regressions.
Regional differences in the lean/fat comparisons were investigated, using the 4500-equivalent results. The linear regression for the trunk gave:
Trunk lean mass ¼ 0:79Âtrunk fat mass þ 17:0; R ¼ 0:59; s:e: ¼ 2:6; Po0:0001 ð2Þ The slopes and intercepts in Equations (2) and (3) are significantly different. Grinspoon et al 4 had reported that when regional fat was expressed as a proportion of the total fat, mean trunk fat in anorexics, 32.4%, was not significantly different from that in the controls, 33.7%. Arm þ leg proportion in the anorexics, 56.1%, was significantly lower than that in the controls, 60.9%. Our results using the 1000 did not agree with these findings, but when converted to 4500 equivalent they did. Detailed inspection of our results showed that the fat in the head was making a relatively larger contribution to the total in anorexics than in the controls, up to 20% in the leanest subjects (4500 equivalent), distorting the observed ratios. Expressing the ratios in terms of the total-minus-head ('subtotal' in Hologic nomenclature) led to different conclusions. As relating regional fat to the total is very sensitive to the parameters and calibrations chosen, it was thought preferable to relate one region to another directly. Leg fat is plotted against trunk fat in Figure 2 . The data points relate to 4500-equivalent values. A third-order polynomial regression has been fitted. This gave a better fit (R ¼ 0.894, s.e. ¼ 1.21) than a linear regression (R ¼ 0.861, s.e. ¼ 1.52). The mean values for each of the clinical subgroups are included. These are close to the regression line suggesting that the findings can be explained by the overall fat content of the subjects, without invoking any other clinical factors. Although there is a significant intercept, predicting a leg fat of minus 2 kg at zero trunk fat, it would be unwise to attach too much importance to it, as it is sensitive to the calibration uncertainties at low fat proportions.
The ratio of trunk fat to leg fat is sometimes used as an index of the gynoid to android fat distribution. It can be seen from Figure 2 that this ratio is a minimum, of about 0.8, in the middle of the fat range but near or above unity at the extremes, particularly at low degrees of adiposity.
Similar findings were obtained when arm fat was plotted against trunk fat, with a third-order polynomial giving a slightly better fit, R
Measurements during weight change
There were some changes of body mass in the periods 0-6 months and 6-12 months in subjects in each of the clinical groups, but the pattern was very heterogeneous, with a wide range of magnitude and almost as many losses as gains in weight. The number of subjects in each group who changed weight by more than 2 and 5 kg are presented in Table 3 . When the weight change in the second 6-month period was compared with that in the first, it was found that every combination of successive gain, loss and no change was represented. In general, there was less weight change in the second period.
We wished to determine the proportions of fat and lean tissue in the mass changes. It was clearly inappropriate to use mean values of fat change (Dfat) and lean change (Dlean) as these were close to zero. Some idea of the ratio Dfat/Dmass was obtained by separating losers from gainers in the period 0-6 months. Considering all losers, the ratio was 0.61. Considering those losing more than 2 kg, the ratio was 0.59. All gainers gave a ratio of 0.51 and those gaining more than 2 kg, also 0.51.
A better way of assessing the fat proportion in mass changes, which made most use of the range of changes, was considered to be the use of the slope of a linear regression of Dfat against Dmass. Such a regression is plotted in Figure 3 for the total fat in all 179 subjects measured at both 0 and 6 months. In all cases the intercept of the regression equation was not significantly different from zero. DXA measurements of fat and lean masses P Tothill and W James Hannan Similar regression equations were determined for each section of the body, for total fat in each clinical group, for weight gainers and weight losers separately and for the period 6-12 months. A possible dependence of the slope on the initial fat content was sought by dividing the subjects into quartiles of initial fat content. The results are summarized in Table 4 , calculated from 4500-equivalent data. The use of the original 1000 measurements changed the regression parameters, but did not alter any of the conclusions.
In the 0-6-month period for total-body tissues, there were no significant differences of the Dfat/Dtotal mass ratio between weight gainers and losers and both combined. There were some differences between body regions, with the slope for the legs being greater than that for the trunk or total body. The Dfat for the head was much less than for the remainder of the body, presumably associated with the assumptions made by the manufacturer concerning the fat content of the brain, although the scan readout quotes the same figure for both instruments. There were no significant differences of the results from the different clinical groups. There was some dependence of ratios on the initial degree of adiposity. The slope for the lowest quartile was significantly lower than that for the highest. The intermediate quartiles were not significantly different.
The regression equations for the 6-12-month period gave similar results. None of the slopes for the body regions was significantly different in the two periods, although there were slight differences in the comparisons between regions DXA measurements of fat and lean masses P Tothill and W James Hannan in the second period. The Dfat/Dtotal ratio for the legs was still greater than for the trunk, but the excess over the total body did not reach significance. The trunk slope was less than the total. The plot of Dfat against Dtotal mass in Figure 3 does not seem compatible with the claim by Scalfi et al 3 that there was a relationship between the proportion of fat in the mass regained and the extent of the mass regain. Therefore a more direct comparison was made. For the 15 subjects who gained more than 5 kg in the first 6-month period the % fat in the Dmass is plotted against Dmass in Figure 4 . 
Discussion
An important lesson from the comparisons between the 1000 and the 4500 is that the accuracy of DXA measurements of fat and lean masses cannot be taken for granted. Even two scanners from the same manufacturer produce differences of fat proportion that, although numerically small at average degrees of adiposity, are large enough in anorexic subjects to affect physiological or clinical interpretation. Similar inaccuracies of low fat measurement were found in a study of athletes using the same instrument. 17 We cannot be certain that the differences we observed between the two Hologic scanners are generalizable, only that they explain observed anomalies. Tyvlasky et al 18 assessed changes in body composition in 37 subjects who lost weight, using a Hologic QDR 4500A, similar to ours, and a Hologic QDR 2000 in the pencil beam mode. They reported differences in the results, but only presented measurements of changes, and did not give full regression parameters.
It would be very desirable for manufacturers to publish their assumptions and to acknowledge the limitations of accuracy in soft-tissue measurements. It is vital that users of DXA equipment appreciate these limitations and include full details of make, model and software used in any publication.
While it is easy to demonstrate differences between instruments, it is more difficult to assess which is the more accurate, owing to the lack of an absolute reference method. All techniques, such as hydrodensitometry, total-body water, bioimpedence, total body potassium, anthropometry, CT or MRI scanning and post-mortem analysis of animal carcases require assumptions that cannot be universally valid, so no single technique can be considered as a 'gold standard'. The best combination is probably underwater weighing or plethysmography to determine body density, coupled with 2 H-or 3 H-labelled water dilution to correct for water content and DXA to correct for differences in bone mass, although each of these components carries its own assumptions and limitations. Such a four-compartment model was applied to assess the accuracy of the Hologic QDR 1000W by Prior et al. 12 They found that there was good agreement of mean values but that the 1000 underestimated fat in the leanest women and overestimated in the fattest, the regression equation being 4C ¼ 0.85 Â 1000 þ 3.3, where 4C is the % fat from the four-compartment model. This lends support to our conclusions that the 4500 is more accurate than the 1000 at low fat proportions. Comparison of the Prior regression equation with the corresponding equation for 4500/1000 in Table 1 suggests that 4500-equivalent values of % fat would be close to the 4C measurements. The direct validation of the Hologic QDR 4500A by a similar comparison with a four-compartment model has been published in two separate papers, the fat-free mass (FFM) by Visser et al 13 and the fat by Salamone et al.
14 Their subjects were limited to an elderly healthy population, 30 men and 28 women aged 70-79 y. The conclusions were very similar for both sexes. Considering only the women, the mean FFM was significantly higher by 1.9 kg for the 4500 than 4C and fat mass 0.8 kg lower. There was a suggestion that the disparity of fat mass was greater for fat masses of more than 30 kg. Regression equations were highly significant, with R 2 ¼ 0.97 for FFM and 0.95 for fat, s.e. ¼ 1.4 kg in both cases, but no correlation coefficients or intercepts were presented. We have found evidence that the 4500 underestimates fat at higher levels of adiposity. 6 A useful characteristic of the subjects in our study is that they covered a continuous range of adiposity from very low to high normal. The results from each of the clinical groups could be explained by their positions in this spectrum of adiposity. The continuum facilitates the consideration of fat/ lean and leg/trunk relationships. The relationship between total-body lean and fat masses illustrated in Figure 1 is very similar to that reported by Forbes, 5 based on measurements of total-body potassium. Although we did not find an improvement in correlation by using a linear/log plot, the slopes appear to be similar. Forbes has presented arguments Figure 4 Fat proportion in mass change plotted against weight change in subjects increasing weight by more than 5 kg.
DXA measurements of fat and lean masses P Tothill and W James Hannan for this 'companionship of lean and fat'. 19 Forbes has also pointed out that a linear/log relationship between initial fat and lean masses leads to the prediction that that the ratio Dlean (or Dfat) to Dmass during weight change should vary with the initial fat mass. 5 Our results in Table 4 support this contention, with the Dfat/Dmass slope being less in the quartile with a mean initial fat mass of 7 kg than that with a mean fat mass of 20 kg. This dependence of slope during weight change on initial fat may be compared with the baseline body composition. A plot of initial fat against (fat þ lean) has a slope for 7 kg fat of 0.52 and for 20 kg fat of 0.73. The composition of the tissue changes during weight change given in Table 4 show fat proportions of 0.51 and 0.63 in the first and fourth quartile. The similarities provide evidence of the coherence of dynamic and cross-sectional measurements of tissue composition.
The mean values of total fat and lean masses in controls and anorexic subjects reported by Grinspoon et al 4 are close to ours reported in Table 2 and to the regression line in Figure 1 . In contrast, Mazess et al 20 and Iketani et al 2 found no significant differences between the lean content of anorexic subjects and controls. However, their measurements were made using radionuclide-source DPA scanners, which would have had lower precision and less developed software. More importantly, the numbers of subjects were low and there is considerable scatter of the results. The heterogeneity of adiposity in our subjects necessitated a particular approach to the derivation of the composition of the tissue changes during weight alteration, but again provided an opportunity to examine a continuous range of changes and to make comparisons with the baseline characteristics. The percentage of total fat in the soft tissue mass changes during the first 6-month period shown in Table 4 was 55% and there were no significant differences between those who gained and those who lost weight. There were also no significant differences between the first and second periods of weight change. These factors support the demonstration by Prentice et al 21 that weight cycling does not lead to an excessive loss of lean tissue. Grinspoon et al, 4 using a Hologic 4500 to measure their anorexic subjects, report that a mean weight gain of 4.9 kg contained 68% of fat mass. This is somewhat higher than our 55% using the 4500-equivalent data, but no confidence limits are given. Grinspoon et al 4 were concerned that during spontaneous weight gain in their anorexic subjects, the proportion of fat in the trunk increased from 32.4 to 36.5% and this concern was echoed in an editorial. 22 This was not our experience. Table 4 shows that in both periods the trunk fat changed less than the leg or arm fat. This is in accord with the plot in Figure 2 of baseline leg fat against trunk fat. In any case, in absolute terms the trunk fat mass in Grinspoon's recovered anorexics was less than in the controls. Furthermore, the intra-abdominal fat that is thought to be the most important factor in predicting cardiovascular risk is a relatively small proportion of trunk fat in women. 23 Orphanidou et al 1 studied body composition in 26 female AN patients during weight gain over a period of up to 6 months. Fat and lean masses were measured using a Norland XR 26 Mark2 HS DXA scanner. A mean weight gain of 6.7 kg was observed, comprising 5.3 kg of fat and 1.4 kg of lean tissue. They comment that the resulting Dfat/Dtotal ratio of 78% was the highest reported in such studies, although no estimate of confidence limits is provided. However, this high proportion can be explained by differences in the DXA calibrations. We had previously compared a similar Norland XR 26 HS with our Hologic 1000, both in vivo and in vitro.
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The Norland consistently reported much higher fat proportions. The regression equation for total body percentage fat was Norland ¼ 1.15 Â Hologic þ 2.9. Using this equation, we can predict for their subjects that a Hologic 1000 would report a fat gain of 4.5 kg, giving a Dfat/Dtotal ratio of 68%. A further calculation, using the regression equation in Table 1 , predicts that a Hologic 4500 would report a fat gain of 3.9 kg, with Dfat/Dtotal ¼ 58%, within our confidence limits. These deductions are somewhat tortuous, but there is little doubt that calibration differences play a major role in explaining apparently different clinical results. Orphanidou et al 1 used different criteria in selecting regions of interest, but they found no preferential fat deposition in any area during refeeding of anorexic patients. Iketani et al 2 reported that total soft-tissue mass increased more in the trunk than in the arms and legs during refeeding; however, no information was given concerning the fat proportion in Dmass.
We did not find the relationship between fat proportion and weight gain claimed by Scalfi et al. 3 Examination of their Figure 1 suggests that, although a statistically significant regression was obtained, with P ¼ 0.02, there is considerable scatter and, with only 10 subjects, the apparent relationship could have occurred by chance. Indeed, the omission of one result would leave the regression insignificant.
Conclusions
The weights and fat proportions of the subjects in the study covered a continuous range, due to the inclusion of many clinical groups of eating disorders, facilitating the examination of relationships between them. DXA remains a valuable tool for body composition studies, but its limitations must be appreciated. There are differences of calibration for fat proportion in different brands of DXA scanner and in different models from the same manufacturer; even small differences may lead to anomalous results in anorexic subjects. These may be corrected by appropriate crosscalibration. There is a need for more in vivo crosscalibration between instruments, including comparisons between the same model in different centers. There were some regional differences between the fat proportion in the changed tissue during weight change, but concerns about preferential trunk fat accumulation during weight regain do not seem to be DXA measurements of fat and lean masses P Tothill and W James Hannan well founded. There was coherence between the fat/lean relationship in the changed tissue and in the baseline relationship.
